Elevated levels of extrachromosomal circular DNA (eccDNA or spcDNA) are closely associated with genomic instability and aging. Despite extensive studies, the mechanism of its generation in mammalian cells is unknown. We report here that mouse major satellite DNA (MSD) is prone to eccDNA formation and that the resulting molecules are multimeres of the basic repeat. Extrachromosomal circular major satellite (ECMS) DNA constitutes the majority of eccDNA in B16 mouse melanoma cells and is highly abundant in other mouse cells. Production of these molecules is enhanced in proliferating cells, suggesting that processes associated with DNA replication are involved in their appearance. Using siRNA technique we show that DNA Ligase IV is engaged in ECMS synthesis. Based on our findings we propose a novel two-step model for eccDNA formation in mammalian cells.
Introduction
Extrachromosomal circular DNA (eccDNA), also known as small polydispersed circular DNA (spcDNA), is a heterogeneous population of extrachromosomal DNA molecules harboring genomic sequences and found in all examined eukaryotic cells from yeast to man (Gaubatz, 1990) . Extrachromosomal circular DNA level, which is very low in normal cells, rises dramatically in tumor tissues and in cells treated with carcinogens (Gaubatz 1990; Cohen and Lavi, 1996; Cohen et al., 1997 ). An elevated amount of eccDNA is also found in non-tumor fibroblasts of patients suffering from Fanconi's anemia (Motejlek et al., 1993; Cohen et al., 1997) , suggesting that its appearance correlates with genomic instability and precedes the neoplastic process in vivo. In view of these observations, we previously proposed that eccDNA is a novel marker of genomic instability, and that it can serve as a mutator (Cohen et al., 1997) . Extrachromosal circular DNA is also considered to be actively involved in the aging process, as its level rises during the aging of mammalian cells (Kunisada et al., 1985) . Interestingly, an increase in eccDNA harboring ribosomal RNA genes (ERCs) was shown to induce yeast senescence and is a hallmark of aging in yeast (Sinclair and Guarente, 1997) .
The investigation of eccDNA phenomenon was hampered for many years by the lack of adequate methods for its analysis. The two-dimensional gel electrophoresis (2D gel), used in our studies (Cohen and Lavi, 1996) , allows separation of DNA molecules according to their size and structure. Each DNA population (supercoiled, open circular, linear single and double stranded), consisting of molecules of heterogeneous size, migrates as a separate arc, allowing simultaneous analysis of size range, amount and sequence content of both supercoiled and open circular eccDNA. To date, the 2D gel is the only suitable technique for an adequate eccDNA analysis.
Although all genomic sequences are found in eccDNA (Gaubatz, 1990; Van Loon et al., 1994; Autiero et al., 2002) , tandemly repetitive DNA requires a special consideration. Three types of tandem repeats were found within the eccDNA population. Satellite eccDNA molecules have been extensively described in both mammals and lower eukaryotes (Gaubatz, 1990; Assum et al., 1993; Cohen and Mechali, 2001; Cohen et al., 2003) . Extrachromosomal circular DNA originating in gene clusters such as ribosomal DNA or histones has been documented in yeast (Sinclair and Guarente, 1997) , Drosophila (Pont et al., 1988; Cohen et al., 2003) and Xenopus (Cohen et al., 1999) . We previously reported the presence of telomeric eccDNA in mammalian cells and suggested its possible involvement in telomere maintenance (Regev et al., 1998) . These findings were recently supported by other investigators (Henson et al., 2002; Cesare and Griffith, 2004; Wang et al., 2004) . Tandem repeats are especially prone to eccDNA formation in Xenopus and Drosophila (Cohen and Mechali, 2001; Cohen et al., 2003) and their structure is preserved in the eccDNA molecules, which appear as multimeres of the basic repeat unit in all organisms studied (Bertelsen et al., 1982; Kiyama et al., 1987; Degroote et al., 1989; Sinclair and Guarente, 1997; Cohen and Mechali, 2001; Cohen et al., 2003) . Thus, eccDNA formation from tandem repeats appears to be a well-conserved process that depends on sequence homology. The finding that ERCs formation in yeast cells requires RAD52-dependent homologous recombination (HR) (Park et al., 1999) further supports this hypothesis. However, junctions found in many eccDNA species, including those harboring tandem repeats, represent short (o20 bp) homologous sequences (Pont et al., 1988; Ohki et al., 1995; Autiero et al., 2002) , pointing to the involvement of nonhomologous end joining (NHEJ) in the process.
Major satellite DNA (MSD) with repeat unit of 234 bp is the more abundant of the two satellite DNA families in mouse and comprises B5% of the genome, whereas the minor satellite DNA, with a repeat unit of 120 bp, constitutes o0.5% (Silver, 1995) . Major satellite DNA is a late replicating, intrinsically unstable sequence (Selig et al., 1988; Chatterjee and Lo, 1989) , arranged in long arrays in the pericentromeric heterochromatin of all mouse chromosomes except Y.
Extrachromosomal circular DNA molecules harboring major satellite DNA (ECMS) were previously reported in the mouse (Gaubatz and Flores, 1990) . In the present study, using B16 mouse melanoma cells we show for the first time that MSD is prone to eccDNA formation. Extrachromosomal major satellite (ECMS) molecules, which constitute the majority of the eccDNA, represent open circular multimeres of the basic 234 bp unit and are easily detected in all other examined mouse cell lines. Studies on the mechanism(s) responsible for the formation of these molecules revealed the following: (1) Production of ECMS occurs in proliferating cells, implicating the participation of processes associated with DNA replication. (2) The level of ECMS is significantly reduced in cells expressing siRNA against DNA Ligase IV (DNL4), pointing toward its involvement in ECMS generation. (3) Extrachromosomal circular major satellite DNA production is not affected by the DNA methylation status. Based on our findings, we propose a novel twostep model for eccDNA formation.
Results

Formation of multimeric eccDNA molecules in B16 cells
To study the molecular mechanisms responsible for eccDNA formation, we used mouse melanoma B16-F10 cells. Low molecular weight DNA (LMWDNA) from B16 cells was separated on 2D gel and hybridized with the same LMWDNA probe (Figure 1) . Interestingly, the open circular DNA arc was predominated by discrete spots, representing restricted classes of eccDNA molecules differing in size by 200-250 bp. This pattern suggested that the majority of the eccDNA is composed of multimeres harboring a tandemly repetitive sequence.
MSD is over-represented in the eccDNA library To identify the sequence that gives rise to the eccDNA multimeres, we purified eccDNA molecules and cloned them into pGEM T-Easy vector, using the shotgun technique (Nehls and Boehm, 1995) , which allows unbiased cloning. The application of this approach In this method, the DNA molecules are separated first in 0.4% agarose without EtBr mainly according to their size. In the second dimension, which was performed in the presence of EtBr, the separation is according to both size and structure. Thus, each DNA population (supercoiled, open circular, linear single and double stranded), consisting of molecules of heterogeneous size, migrates as a separate arc. This allows simultaneous analysis of size range, amount and sequence content of both supercoiled and open circular eccDNA. Open circular DNA arc starts above the mtDNA band and merges with linear DNA arc at B2 kb. Supercoiled DNA arc crosses the linear arc at B4 kb (Cohen and Lavi, 1996; Cohen et al., 2003 As the circular DNA molecules isolated from the 2D gel varied in size from 3 to 10 kb, the obtained clones probably contained only parts of the eccDNA molecules. As shown in Table 1 , sequencing of the first 20 clones revealed that nine (45%) contained MSD. One of these nine clones harbored also minor satellite DNA in addition to MSD. One clone was homologous to the L1 long interspersed element, and four clones were unique. The mitochondrial sequences in six clones originated in different regions of the mitochondrial genome, and probably resulted from contamination of the eccDNA arc by mtDNA that migrates very close to its upper part. Indeed, when 2D blot was hybridized with mtDNA, no eccDNA arc was observed, confirming that its presence in the library is the result of contamination ( Figure 2a ). Taking into account that most of the sequenced non-MSD clones in the library were of mtDNA origin, the actual representation of the MSD among the eccDNA molecules is substantially greater than our initial estimation of B45%.
To confirm the over-representation of MSD among the eccDNA clones, we performed dot blot analysis of the remaining 133 clones. As shown in Figure 2b (top), >50% (68/133) of the eccDNA clones contained this sequence, which is much higher than its representation in the genome (5%).
Multimeric eccDNA consists of MSD
To determine directly the abundance of MSD in the eccDNA population, we concomitantly hybridized two B16 blots with MSD or LMWDNA as probe ( Figure 2c ). The signals generated from both eccDNA arcs were identical and yielded a similar ladder pattern. The size increments between the multimeric eccDNA spots on the blots (B250) are in accordance with the 234 bp monomer size of MSD. To confirm that eccDNA harboring MSD (ECMS) consists of pure MSD repeats not intervened by unrelated sequences, we performed the following experiment. Two aliquots of LMWDNA were treated with two different four cutter restriction enzymes MspI and MnlI, of which the first does not cut the MSD repeat, whereas the second has three recognition sites within this sequence. The third aliquot was left untreated. As shown in Figure 2d , the majority of ECMS arc was resistant to MspI. In contrast, the control digestion with MnlI completely abolished the ECMS arc. Thus, the population of eccDNA molecules in B16 cells consists mostly of pure MSD multimeres. This is the first time that eccDNA in mammalian cells is shown to be composed mainly of multimeric repeats.
Representation of other repetitive sequences in the eccDNA population The abundance of minor satellite DNA among the cloned eccDNA was determined by dot blot. Only five of the 133 nonsequenced clones produced a signal (Figure 2b, bottom) . Among these, three clones hybridized also with MSD ( Figure 2b and Table 1 ). Twodimensional analysis with minor satellite DNA as a probe showed a much weaker eccDNA arc than after hybridization with MSD, whereas the linear DNA arcs produced similar signals ( Figure 2e ). The eccDNA arc was not detected upon hybridization with L1 or telomeric repeats (Figure 2e ). To sum up, MSD is more prone to eccDNA formation than minor satellite DNA, whereas L1 and telomeric repeat could not be detected in this population.
ECMS formation is common among mouse cells
To determine whether the formation of ECMS is a general phenomenon or is unique to B16-F10 cells, we analysed LMWDNA from different mouse cells. As seen in Figures 3 and 5, NIH-3T3, B16-F1 (a low metastatic variant of B16), DA3, MEF and pMEF contain ECMS. Moreover, when resolution allowed, the ECMS arc displayed a multimeric pattern, similar to B16-F10 cells. As the quantification of eccDNA is made by comparison to mtDNA, which may vary between different cell types, we were not able to quantify these results. Nevertheless, a similar amount of cells (B2 Â 10 7 ) was used in all experiments, the probes were prepared in the same way and the blots were exposed for sufficient time to allow visualization of eccDNA arc. Thus, although the level of ECMS is higher in tumor (B16 and DA3) cells, it is formed in both normal and tumor mouse cells.
ECMS level is enhanced in dividing cells
Earlier studies reported that the eccDNA level is elevated in aging cells and confluent cell cultures (Kunisada et al., 1985; Gaubatz 1990 ). On the other hand, recent studies with yeast cells revealed that eccDNA harboring rDNA (ERC) is probably produced from replication forks, arrested at replication fork barrier (Takeuchi et al., 2003) , indicating that cell division is an important determinant in eccDNA formation. To explore the relationship between ECMS e Total number of clones containing the respective sequence (sequenced+ hybridized).
eccDNA formation from satellite DNA involves DNL4 Z Cohen et al production and cell division, we compared the level of ECMS in proliferating and confluent B16-F10 cells. Surprisingly, eccDNA level was higher by more than twofold in dividing cells (Figure 4) . However, in all experiments, when the confluent cells were split and grown in fresh medium for 24 h, the eccDNA level was restored (data not shown). These results suggest that, similar to findings in yeast system, at least some steps in the production of eccDNA require cell division.
ECMS synthesis does not depend on cytosine methylation
Cytosine methylation regulates a variety of processes, including gene expression and chromatin condensation and determines the replication timing of MSD (Selig et al., 1988) . Major satellite DNA is heavily methylated and contains B40% of all the 5 0 -methyl cytosine residues (Lewis et al., 1992) . As ECMS formation is probably connected to processes associated with DNA replication (Figure 4) , we examined the relationship between MSD methylation and ECMS synthesis by comparing both variables in B16-F10 and primary MEF (pMEF). The methylation of cytosine on CpG sites was analysed using the MaeII restriction enzyme, which recognizes three sites in the MSD repeat and is inhibited by methylation. Genomic MSD was found to be heavily methylated in B16 and hypomethylated in pMEF (Figure 5a ), although the two cell types contained ECMS (see Figure 5b ). To confirm that CpG methylation is not involved in ECMS formation, we treated B16 cells with hypomethylating agent 5-azacitidine, which caused reduction in MSD methylation (Figure 5a ), but did not change the ECMS level (Figure 5c ). Thus, cytosine methylation at CpG sites does not play a role in ECMS production. It should be noted that the methylation levels of ECMS and genomic MSD are Black arrows point to the eccDNA arcs; white arrow points to mtDNA, which is seen only upon hybridization with the LMWDNA probe (top). The arc below the linear DNA is singlestranded DNA, which is occasionally seen in some of the blots. Inserts show long exposures of parts of the blots. (d) Two aliquots of LMWDNA from B16 cells were digested with MspI, which does not cut MSD, or MnlI, which has three recognition sites in this sequence. The third aliquot was left untreated. The samples were analysed on 2D gel and hybridized to MSD probe. (e) Representation of different repetitive sequences in eccDNA population. The same blot was hybridized with minor satellite DNA or MSD. Black arrows point to the eccDNA arcs. Aliquots of the same preparation of LMWDNA were run simultaneously and hybridized with telomeric or L1 probe. To compare the relative amounts of circular DNA of each probe and to avoid the effect of different copy numbers, the exposure time was adapted to obtain similar intensity of the linear DNA arc.
eccDNA formation from satellite DNA involves DNL4 Z Cohen et al similar (Figure 5b ), as the ECMS molecules were MaeII sensitive in pMEF, but resistant in B16 cells.
Involvement of DNA Ligase IV in ECMS generation
We were prompted to search for the involvement of NHEJ in ECMS production by two observations: (1) in several experiments, multimeres, similar to those found in the eccDNA arc, were detected also in the linear DNA arc (Figure 6 ), suggesting that linear intermediates are involved in ECMS generation, and (2) junctions found in eccDNA from various sources represent short microhomologies, characteristic of the NHEJ pathway. In the present study, some clones harbored analogous junctions between imperfect monomers of MSD, as well as between MSD and minor satellite DNA in hybrid clones (data not shown). Generation of these junctions by fusion during the cloning procedure is unlikely, as all the cloned sequences contain the MluI primer at both ends, and no internal MluI sequences were detected in the analysed clones.
To investigate the role of NHEJ in ECMS generation, we focused on DNL4, the key player in this pathway (Ferguson and Alt, 2001) , and designed stable DNL4 knockdown cells using siRNA technique (siDNL4 cells). To eliminate the possibility of nonspecific effect, caused by siRNA expression, a similar pool of B16-F10 cells expressing Lazy siRNA (siLazy cells) served as control. The expression of DNL4 mRNA was monitored by reverse transcription-PCR (RT-PCR), using b-actin as an endogenous standard. The level of DNL4 mRNA was significantly reduced in the siDNL4 cells ( Figure 7a ). As cell division is an important determinant in eccDNA formation, the proliferation rates of the siDNL4 and siLazy cells were compared and found to be similar, indicating that DNL4 reduction did not affect cell proliferation (Figure 7b ). We did not proceed to further reduce DNL4 expression as we did not want to affect cell proliferation and viability. Two-dimensional gel analysis showed that the ECMS level significantly decreased in the siDNL4 cells (Figure 7c and e). Quantitative analysis, based on five independent eccDNA formation from satellite DNA involves DNL4 Z Cohen et al experiments, showed B2.5-fold reduction in ECMS level in siDNL4 cells (Figure 7d) . Similarly, total eccDNA reduction was clearly seen upon hybridization with LMWDNA probe (Figure 7e ). These results demonstrate that DNL4 is engaged in the formation of ECMS in particular and eccDNA in general.
Discussion
In the present study, we show that MSD is prone to eccDNA formation in B16-F10 mouse melanoma cells and that ECMS is found in all other examined mouse cell lines. Focusing on B16 cells, we demonstrate that ECMS constitutes the majority of the eccDNA population. The ECMS molecules preserve the multimeric structure of MSD, insinuating that in accordance to findings in other systems, homologous recombination is involved in their formation. However, we show that DNL4 is also required for ECMS production, suggesting that interplay between multiple processes is responsible for ECMS generation.
MSD is prone to eccDNA formation
Earlier studies suggested that all the genomic sequences are represented among the eccDNA population in mammalian cells (Gaubatz, 1990) . However, we show here that in B16-F10 cells, eccDNA is highly homogeneous and consists mostly of MSD. Despite the fact that minor satellite DNA was detected in B4% (6/153) of the clones, which is higher than its proportion in the mouse genome, four of these clones were genuine hybrids between major and minor satellite DNA and their junction sequences did not align with the database. The presence of MSD sequences in these clones suggests that the formation of the original eccDNA molecules was directed by MSD. As the cloned fragments were significantly smaller than the original eccDNA molecules, it cannot be ruled out that even the remaining two clones arose from similar hybrids. Two-dimensional analysis showed that eccDNA molecules containing minor satellite DNA are probably not enriched in the same proportion as is the ECMS. Altogether, it is clear from this study that MSD is prone to eccDNA formation in B16 mouse melanoma cells and that ECMS formation is a general phenomenon in other mouse cell lines (Figures 3 and 5) . Over-representation of MSD in the eccDNA population may evolve from its intrinsic instability (Chatterjee and Lo, 1989) . Note that ECMS level is higher in tumor (B16 and DA3) cells, indicating that its formation correlates with the genome 0 -azacitidine (the figure represents one of three independent experiments). The blots were hybridized to a mix of MSD and mitochondrial DNA to allow evaluation of ECMS amount. Figure 6 Linear major satellite DNA multimeres in total DNA from B16-F10 cells. Total DNA (B7.5 mg), purified from B16 cells as described by Sambrook et al. (1989) , was analysed on twodimensional gel electrophoresis and hybridized with MSD. Both panels represent the same blot: short exposure (top) reveals the linear multimeres of MSD (pointed by arrows) and long exposure allows visualization of a typical extrachromosomal circular DNA arc.
eccDNA formation from satellite DNA involves DNL4 Z Cohen et al instability. Extrachromosomal major satellite may further enhance genomic instability through reinsertion into different chromosomal locations and can also act as a mutator. The appearance of ECMS in significant amounts even in normal primary embryonic fibroblasts suggests that it might play a role in genome plasticity as well.
The connection between DNA replication and eccDNA formation The requirement of cell proliferation for ECMS formation strongly suggests the involvement of DNA replication in the process. Probably, a certain DNA structure that appears during replication tends to be converted into eccDNA or eccDNA precursor molecules. Apparently, our results contradict previous studies showing that eccDNA is enriched in aged cells and confluent cell cultures (Kunisada et al., 1985; Gaubatz, 1990) . However, our data and previous findings in this area cannot actually be compared. All previous studies on eccDNA in aging and confluent mammalian cells concentrated on the examination of supercoiled molecules purified on CsCl/EtBr equilibrium gradients, whereas we used the 2D gel technique. The usage of this technique, which enables simultaneous analysis of all forms of eccDNA, revealed that the supercoiled molecules are very rare, whereas the vast majority of eccDNA in mammalian cells have open circular conformation (Cohen et al., 1997; Regev et al., 1998; Cesare and Griffith, 2004 ). Thus, it is possible that the eccDNA in earlier studies represented a different class of molecules. Indeed, in the current study, we analysed a homogeneous eccDNA population in B16 cells, which is composed mainly of MSD sequences. The preferential formation of extrachromosomal circles from tandemly repetitive DNA has not yet been shown in mammalian cells. Furthermore, in yeast, eccDNA harboring ribosomal genes (ERCs) originates from replication forks, stalled at replication forks barrier in the rDNA locus (Takeuchi et al., 2003) , that are resolved by homologous recombination (HR) (Park et al., 1999) . Old yeast cells accumulate ERCs during multiple replication cycles. Thus, cell division is a prerequisite for eccDNA formation in yeast. It is likely that analogous process takes place in mammalian cells and eccDNA originates from stalled replication forks, thus requiring DNA replication for its formation. On the other hand, it is possible that eccDNA formation does not require replication, but depends on homologous recombination that is cell cycle dependent and takes place mainly after the replication of genetic material (Ferguson and Alt, 2001) , thus explaining the necessity of cell division for eccDNA formation.
As MSD is prone to eccDNA formation, we wished to study the effect of various aspects of its replication on the ECMS appearance. Cytosine methylation is a crucial determinant in the MSD replication timing, which occurs in the late S when the sequence is hypermethylated, but shifts to mid-S upon hypomethylation (Selig et al., 1988) . As seen from our results, both pMEF, in which MSD is hypomethylated, and B16 cells, which have hypermethylated MSD, contain ECMS. In addition, treatment with 5-azacitidine did not alter ECMS level, although it caused hypomethylation of genomic MSD. Thus, cytosine methylation and, probably, replication timing do not affect ECMS production. Additional studies will be required to address the involvement of DNA replication in eccDNA formation. eccDNA formation from satellite DNA involves DNL4 Z Cohen et al
Possible involvement of HR in eccDNA formation
Previous studies have shown that tandemly repetitive DNA is especially prone to eccDNA formation in Xenopus and Drosophila (Cohen and Mechali, 2001; Cohen et al., 2003) and the structure of original sequence is preserved in the eccDNA molecules, which appear as multimeres of the basic repeat unit in all organisms studied (Bertelsen et al., 1982; Kiyama et al., 1987; Degroote et al., 1989; Sinclair and Guarente, 1997; Cohen and Mechali, 2001; Cohen et al., 2003) . We show here that ECMS molecules represent multimeres of the basic MSD unit. Moreover, this is the first time that a tandemly repetitive sequence is shown to constitute the majority of the eccDNA population in mammalian cells. Maintenance of the multimeric structure by eccDNA molecules suggests the involvement of homologous recombination in their formation in all studied organisms, as shown for ERCs synthesis in yeast (Park et al., 1999) .
The different types of tandemly repetitive sequences found in the eccDNA population in a variety of systems apparently share some features that make them prone to the formation of eccDNA. This common characteristic could be some structure(s) formed by these sequences during their replication, which might be used to generate multimeric molecules by HR.
Involvement of NHEJ in ECMS formation
A characteristic feature of NHEJ is the ability to rejoin blunt ends, as well as ends with short homologies. Short homologous junctions were previously reported in cloned eccDNA molecules in several systems (Pont et al., 1988; Ohki et al., 1995; Autiero et al., 2002) , and were also detected in the present study (data not shown). The presence of linear multimeres ( Figure 6 ) suggests that eccDNA formation may involve linear multimeric intermediates, subsequently ligated into circles. In view of these observations, we examined the involvement of NHEJ in the formation of eccDNA by knocking down the expression of DNL4. As shown in Figure 7 , downregulation of DNL4 caused a significant decrease in the production of ECMS and of total eccDNA. The incomplete reduction of ECMS can be attributed to the fact that DNL4 expression was reduced but not totally suppressed in siDNL4 cells. Thus, DNL4 is apparently involved in the formation of ECMS. This is the first time that DNL4 is shown to be engaged in eccDNA creation and that a specific enzyme is found to be required for eccDNA generation in mammalian cells.
Two-step model for eccDNA formation
The most important finding of this study is that the formation of multimeric ECMS -a process that seems to be dependent on HR -involves DNL4, which is engaged in illegimate recombination. A plausible explanation for our findings is that eccDNA formation is a two-step process. In the first stage, linear multimeric precursors are formed from the original sequence by homology-driven processes. In the second step, these precursors are ligated by DNL4 and give rise to the multimeric eccDNA. Detection of the multimeric molecules in the linear DNA arc on the 2D gels ( Figure 6 ) supports this assumption. The connection between HR and DNL4 in eccDNA synthesis may be mediated by the Rad50/Mre11/Nbs1 complex, which participates in both HR and NHEJ (Zhong et al., 2002) . In addition, other enzymes participating in NHEJ may be involved in the process. Preferential formation of eccDNA from MSD may result from extensive generation of extrachromosomal linear multimeres or from their favored circularization.
Our results shed light on eccDNA formation in mammalian cells and open new directions for further studies of the process and its involvement in genomic instability and tumorigenesis.
Materials and methods
Cell culture B16-F10 and -F1 murine melanoma cell lines, the NIH-3T3 cell line, DA3 mouse mammary tumor cell line, mouse embryonic fibroblast (MEF) cell line and primary MEF (pMEF) were propagated in Dulbecco's modified Eagle's medium (Gibco Laboratories, Invitrogen Life Technologies, NY, USA) supplemented with 10% (B16, NIH-3T3, MEF, DA3) or 20% (pMEF) fetal calf serum (Gibco Laboratories (Invitrogen Life Technologies, NY, USA).
DNA preparation
Low molecular weight DNA was prepared as previously described (Hirt, 1967) . Chromosomal DNA was prepared from Hirt pellet. The pellet was dissolved in TE, treated with 100 mg/ml proteinase K and extracted with phenol:chlorophorm:isoamyl alcohol, followed by DNA precipitation.
Neutral-neutral 2D gel LMWDNA was separated on 2D gel as described by Cohen and Lavi (1996) (a diagram of 2D gel is shown in Figure 1b) . For each 2D analysis, LMWDNA was prepared from B2 Â 10 7 cells. The gel was blotted onto a Hybond N þ nylon membrane (Amersham Biosciences Limited, UK) in 0.4 N NaOH and hybridized with probes, as noted in the legends.
Probes
When LMWDNA was used as a probe it was from the same DNA preparation as the analysed DNA. Other probes, homologous to major satellite DNA (gi:53955), minor satellite (gi:288956), L1 long interspersed element (gi:52829) and mitochondrial (mtDNA) (gi:342520) (bases 1520-3504), were prepared from the respective eccDNA clones. All probes were labeled with 50 mCi [a-32 P]dCTP using a Rediprime II labeling kit (Amersham Biosciences Limited, UK). For the telomeric probe, the (CCCTAA) 4 oligonucleotide was end labeled with [g-32 P]dATP. Kodak BMS film was exposed to the membranes or they were quantitatively analysed using a Fuji BAS1000 PhosphorImager and the Tina 2.07 program (Dinko and Rhenium, Israel).
Blot quantification
Mitochondrial DNA (mtDNA), which is extracted with the LMWDNA, was used for normalization of eccDNA amount (Cohen and Lavi, 1996) . The signals of the eccDNA arc and of mtDNA were calculated by measuring the respective signal eccDNA formation from satellite DNA involves DNL4 Z Cohen et al and subtracting the background (equal clear area). The level of eccDNA was determined by dividing its signal by the mtDNA signal. As the hybridization conditions may slightly vary between experiments, for quantification of the mean value for several independent experiments, the control value of each experiment was considered 100% and the experimental values were calculated accordingly.
EccDNA purification and library construction Low molecular weight DNA was prepared from 6 Â 10 8 B16-F10 cells and separated on 2D gel. The eccDNA arc was excised and the DNA was electroeluted using a Snakeskin dialysis bag (Pierce Biotechnology, Inc., IL, USA), as described by Sambrook et al. (1989) . The size of the purified eccDNA ranged from 3 to 10 kb.
Shot gun cloning by random priming and PCR This was performed as described by Nehls and Boehm (1995) . The purified eccDNA (B10 ng) was double-primed with MluI(N) 6 primer (5 0 -GGAACTCAATGCACGCGTNNNNN N-3 0 ), using sequenase T7 DNA polymerase (Amersham). The product obtained was amplified by PCR with MluI primer (5 0 -GGAACTCAATGCACGCGT-3 0 ) using the expand highfidelity PCR system (Roche Applied Science, Germany). The PCR product was A-tailed with Taq polymerase (New England Biolabs, Inc., MA, USA) and cloned into pGEM R -T Easy vector System I (Promega WI, USA). The ligation products were transformed into Escherichia coli (strain JM109). The insert disrupts the b-Gal gene in the vector and results in white colony formation. About 600 white colonies, selected on X-GAL plates, were further analysed by PCR with MluI primer to confirm the presence of the inserts and to determine their size. A total of 153 truly positive clones were selected and used in this study.
siRNA inhibition
To suppress DNL4 expression in B16-F10 cells, complementary oligonucleotides corresponding to nucleotides 524-542 (TTGCTGAACTTACCACGAG) of mouse DNL4 cDNA, separated by a nine-nucleotide noncomplementary spacer (TTCAAGAGA), were synthesized and cloned into pRE-TRO-SUPER (Brummelkamp et al., 2002) . The siLazy construct with the target sequence CACATGAGAATCATG TCAG, which had no significant sequence homology to any murine genes by NCBI BLAST search, was prepared similarly and used as control. Retroviruses encoding siDNL4 and siLazy were prepared by co-transfecting HEK 293 cells with the corresponding constructs, along with the c helper vector, by calcium phosphate precipitation. Viruses were harvested every 12 h from 24 to 72 h after transfection, pooled, filtered through a 0.45 mm filter and stored at À701C until use. B16-F10 cells were infected for 24 h in the presence of 4 mg/ml polybrene and allowed to recover for 6 h in fresh medium. Infected cells were selected with puromycin (1 mg/ml) for 1 week.
RT-PCR
Total cellular RNA was purified using an EZ-RNA isolation kit (Biological Industries, Kibbutz Beit Haemek, Israel). The reverse transcription reaction was performed by incubating 2 mg of RNA with M-MuLV reverse transcriptase (New England Biolabs, Inc., MA, USA), using a hexamer random primer mix. The product obtained was used for PCR amplification of DNL4 (target sequence), and b-actin served as an endogenous standard. DNL4 and b-actin were coamplified in the same tube (30 cycles), and the b-actin primers were added at cycle 16. The forward and reverse primers for DNL4 were 5 0 -TTTTCCCAGCGTCACCA-3 0 and 5 0 -TGTAGAGCT TAGCGAGCA-3 0 . The forward and reverse primers for actin were 5 0 -GTGGCCATCTCTTGCTCGAAGTC-3 0 and 5 0 -GTT TGAGACCTTCAACACCCC-3 0 .
Cell proliferation assay
The cell proliferation was monitored using XTT procedure (Cell proliferation kit, Biological Industries, Kibbutz Beit Haemek, Israel).
